A combination of wide-angle X-ray scattering (WAXS) and pair distribution function analysis was used to investigate the structural changes occurring in beech wood and apricot tree pruning samples during slow and fast pyrolysis up to 1400 C (1673 K). WAXS curve modeling with the program CarbX provides unique information about the arrangement of graphene layers described by intralayer, interlayer, disorder and dispersion structural parameters. Pair distribution function modeling in PDFgui revealed imperfections in single graphene sheets, such as bond shortening and curvature, when refinement is performed in different r ranges. The concentration of inorganic species, along with heating rate, influences the final structure of pyrolysis products. The heating rate was more important than sample composition for an increase in extent of the single graphene layer and average chord length, while the average graphene coherent stack height depended on both composition and heating rate. Higher fractions of inorganic material increased the average interlayer spacing and the number of graphene layers per stack. research papers J. Appl. Cryst. (2019). 52, 60-71 Agnieszka Poulain et al. WAXS and PDF analysis of pyrolyzed wood 61 research papers J. Appl. Cryst. (2019). 52, 60-71 Agnieszka Poulain et al. WAXS and PDF analysis of pyrolyzed wood 63 Figure 1
Introduction
Carbonaceous materials derived from residual biomass have been studied for a wide range of applications, including environmental Liu et al., 2010; Nor et al., 2013; Gonzá lez-García, 2018) , catalytic (Wang et al., 2011) , industrial (Mohamed et al., 2010) , electronic (Kim et al., 2012; Khosravi et al., 2014) and agricultural purposes (Blackwell et al., 2009) , because such materials are abundant, cheap and environmentally friendly. The applications depend on specific microstructures, leading to distinct macroscopic properties (Faber et al., 2014) , such as electrical conductivity, surface area or stiffness. These parameters strongly depend on the initial precursor material and treatment conditions (McDonald-Wharry et al., 2013) . While amorphous and nongraphitizing carbons (which do not turn into graphite even at extremely high temperature) are extensively used, their characterization is nontrivial. This is in part due to their heterogeneous nature inherited from the raw precursor materials.
Raw biomass is composed of (i) organic polymers (cellulose, hemicelluloses and lignin), (ii) an inorganic fraction [either well dispersed (Zolin et al., 2001) or in the form of micrometric crystals (Nakata, 2012) ], and (iii) water and extractives (components that can be extracted with a solvent), which play ISSN 1600-5767 # 2019 International Union of Crystallography less of a structural role. The composition of these constituents, their location and their quantity differs between plants and specific plant tissues (Sjostrom, 1993; Vassilev et al., 2010; Da Silva Perez et al., 2015) .
Biomass pyrolysis (devolatilization) is the thermal decomposition of material without reactive gas atmosphere. Its mechanism remains neither well understood nor mastered owing to the complexity of the initial materials (Anca-Couce, 2016; Mettler et al., 2012) . The process gives rise to variable amounts of (i) volatile matter (CO, CO 2 or CH 4 ), (ii) condensable species including water and a large number of organic species gathered as tar, and (iii) a carbon-rich solid residue called char. The relative ratio of these products depends on (i) reactor type, (ii) reactor operating temperature (500-1500 C; C = K À 273), (iii) heating rate (between a few degrees per minute and several hundred per second), and (iv) inorganic fraction composition and concentration (Raveendran et al., 1995; Anca-Couce, 2016) . Char production is favored by (i) high lignin content (a char precursor), (ii) the presence of potassium, and (iii) slow heating rates and low temperatures (Brownsort, 2009; Trubetskaya et al., 2015) .
Almost a century ago, Warren (1934) described the microstructure of a noncrystalline carbon as parallel stacks of graphene layers, randomly arranged by rotation around the layer normal, and translated in the direction parallel to the layer (Warren, 1941) . This is known as turbostratic disorder (Biscoe & Warren, 1942) . Afterwards, Franklin (1950) discovered non-organized carbon on the edges of these layers and interstack cross-linking. She proposed the classification of graphitizing and non-graphitizing carbons depending on the strength (soft and hard) of these cross-linkers and their resistance to high temperatures (Franklin, 1951) . For example, a significant number of heteroatoms 'escaping' from a sample at high temperature generate a large number of defects. However, the general organization of carbon material simultaneously increases owing to degradation of the cross-links between graphene layers. Following studies revealed further dependencies, for example a tendency for higher temperature to generate more structural defects (sp 3 ) than graphitic sheets (sp 2 ) (Simone, 2016; Zheng et al., 2016) . Furthermore, a slow heating rate led to a fibrous char similar to initial biomass, while a fast heating rate produced char formed of spheres containing large pores (Fisher et al., 2012) . A controlled pyrolysis also led to the carbon replica structurally pseudomorphous to the original tissue at the nanometre scale (Paris et al., 2005 , and references therein).
'Hard carbons' are highly irregular and turbostratically disordered, built of curved and not perfectly aligned stacks of graphene sheets with large empty voids (Khosravi et al., 2014; Zheng & Dahn, 1999; Zheng et al., 2016) . Several advanced techniques have become popular to investigate these sp 2based graphitic carbon materials: nuclear magnetic resonance, Fourier transform infrared, mass spectrometry, Raman spectroscopy, X-ray diffraction (XRD) and wide-angle X-ray scattering (WAXS), scanning and transmission electron microscopy, and gas and liquid chromatography (Vaz, 2016; McDonald-Wharry et al., 2013; Faber et al., 2014) . Raman spectroscopy and XRD are often used together as complementary techniques (Tuinstra & Koenig, 1970; Zickler et al., 2006) to shed light on the structural organization, order length and phase changes in carbonaceous materials. Unfortunately, overlapping bands in Raman spectra hinder material characterization. A high degree of disorder and lack of crystallinity result in peak broadening and unambiguous peak separation in XRD (Faber et al., 2014) . The position of the broad 002 peak in diffractograms is often used to estimate the average interplanar distance. This simple analysis can be misleading owing to lack of peak symmetry and interference from high levels of diffuse background or small-angle scattering (Simone, 2016) .
An improved method of evaluation of non-graphitic carbons was proposed by Ruland & Smarsly (2002) . In this approach, the total WAXS patterns were modeled using appropriate scattering functions, fitting 14 interlayer and intralayer microstructural parameters (Pfaff et al., 2018) . These include the lateral extent of graphene sheets (L a ), the number of sheets in the stack (hNi) and the interlayer spacing (a 3 ). There have been only a few reports of WAXS data modeling using the Ruland and Smarsly algorithm in studies of non-graphitizing carbons (Paris et al., 2005; Zickler et al., 2006 , Faber et al., 2014 , even though it can provide valuable quantitative characterization of this strongly disordered material.
The pair distribution function (PDF), a synchrotron-based technique (Egami & Billinge, 2003) , is complementary to WAXS. The total scattering curve is used to obtain short-or long-range-order structural information from the amorphous, crystalline and semicrystalline materials. The whole measured signal including Bragg peaks and diffuse scattering is used to extract the total scattering structure function, S(Q), which describes the coherent scattering intensity from the material. The PDF was initially used for studying the local structure of amorphous materials, such as liquids and glasses, but now it is increasingly used for studying nanomaterials (Billinge & Kanatzidis, 2004) . High-energy and high-flux synchrotron radiation facilitates the data collection. Short X-ray wavelengths provide access to higher-Q data, required for good spatial resolution of the PDF, while the high flux considerably reduces the measurement time needed for good statistics at high angles, even for disordered organic weakly scattering samples. PDF analyses of chars revealing their short-range order have been quite frequently reported in the literature (Franklin, 1950; Petkov et al., 1999; Forse et al., 2015; Bommier et al., 2015; Stratford et al., 2016) .
The objective of the present study is to compare the models of hard carbon obtained from the two complementary X-ray scattering techniques: wide-angle X-ray scattering and pair distribution function analysis, using the CarbX (Ruland & Smarsly, 2002; Pfaff et al., 2018) and PDFgui (Farrow et al., 2007) programs, respectively. These models allow characterization of lignocellulosic biomass samples -beech wood and apricot tree prunings -and the structural changes occurring during their thermal degradation under different temperatures and heating rates.
Materials and methods

Feedstock
Selection of the biomass samples for this study was based on the criterion of potential availability for production of biochar. Orchard apricot prunings are a typical example of an agricultural waste stream from southern Europe and are currently discarded at significant expense. Prunings are the tree branches cut off during agricultural operations, which contain wood and a significant amount of bark. The precise composition, especially the amount of inorganic species, departs from average apricot tree wood. Beech is one of the most common hardwood species in Europe and its use as construction material gives rise to significant amounts of waste.
Orchard apricot tree prunings without leaves were received from Veles (Macedonia), as 20-25 cm branches. Sampling was carried out following the XP CEN/TS 14780 standard. The resulting sample was manually cut into pieces 2-3 cm long. It was then dried at 105 C and ground to less than 200 mm in a variable-speed rotor mill (Pulverisette 14 from Fritsch) at 700 r min À1 .
Beech wood was supplied by the SOWOOD company (France). The raw wood was finely ground with particles having sizes ranging from tens of micrometres to a few millimetres. The sample was sieved and beech particles having sizes in the range of 315-450 mm were selected for the pyrolysis experiments. The beech samples were characterized in detail elsewhere (Dupont et al., 2019; Guizani, Jeguirim et al., 2017) . The measurements were carried out according to European standards on solid biofuels when existing (Table S1 in the supporting information) or internal methods based on best practices otherwise. In particular, the extractive content was measured using an accelerated solvent extractor type extraction with two cycles at 1500 psi (1 psi = 6.895 kPa), firstly with water at 110 C, then with acetone at 95 C. Solvents were evaporated under reduced pressure, and then the residues were weighed and reported as the extractive content. The lignin and polysaccharide contents were measured using the extracted samples according to standards developed for woody biomass (Tables 1 and S1).
Beech and orchard apricot compositions are typical of woody species. Regarding elemental composition, inorganic elements are found in very low amounts in beech wood (ash content of 0.5 wt%, dry basis) and in moderate amounts in apricot tree prunings (3.7 wt% dry basis) owing to the higher bark fraction in this latter sample. In both cases, the main elements are similar. Calcium dominates at around 10 000 p.p.m.w. (apricot) and 1200 p.p.m.w. (beech), followed by potassium at about 7000 p.p.m.w. (apricot) and 900 p.p.m.w. (beech), with lower amounts of other elements like silicon, magnesium and phosphorus. Only manganese seems to be present in slightly higher amounts in beech wood than in apricot tree prunings, but in a low absolute amount of 200 p.p.m.w. Regarding macromolecular composition, the apricot tree prunings have an exceptionally high quantity of extractives. However, these molecules are released at very low temperature, below 300 C, i.e. below pyrolysis temperature, with no impact on the material structure (Lê Thà nh et al., 2015) . Cellulose is the main polymer in beech wood, followed by lignin, while in apricot tree prunings, the two polymers are found in similar high amounts. A high amount of lignin is typical of woody biomass. Moreover, as the two biomasses can be classified as deciduous woods, their hemicellulose fraction is mostly made up of xylan.
Char preparation
2.2.1. Slow-heating-rate chars (beech and apricot, BSH and ASH, respectively). Slow-heating-rate chars (beech slow heating: BSH800, BSH1000, BSH1200 and BSH1400; apricot slow heating: ASH800, ASH1000, ASH1200 and ASH1400; where the number indicates the final temperature in degrees Celsius) were produced in two steps, because of experimental constraints. Around 30 g of biomass was first placed in a stainless steel in-house-designed reactor of 7.5 cm diameter and 5 cm height. The reactor was sealed in a graphite basket, flushed by N 2 at a flow rate of 130 l h À1 and placed in an oven (F30400 from Thermolyne with a 33-F30430CM). Five thermocouples enabled us to follow the temperature both in gas and in bed samples. The sample was first dried at 105 C for 1 h, then heated at 10 C min À1 up to 500 C and maintained at this temperature for 2 h. Around 100 mg of the resulting char was loaded into a cylindrical crucible in a Setaram Setsys thermogravimetric analyzer. The sample was heated at 20 C min À1 until different temperatures were reached (800, 1000, 1200, 1400 K) and kept at each of these temperatures for 1 h.
2.2.2. Fast-heating-rate chars (beech, BFH). Fast-heatingrate chars (beech fast heating: BFH450, BFH500, BFH550, BFH800, BFH10, BFH1200 and BFH1400) were obtained via fast pyrolysis in an entrained flow reactor (Billaud et al., 2016) . Details of the pyrolysis conditions are described by Guizani, Jeguirim et al. (2017) . The tested reactor temperatures were 450, 500, 550, 800, 1000, 1200 and 1400 C. The solid residues were collected in the char collection pot for mass balance calculations and further characterization. According to modeling results, the particle heating rates were higher than 100 C s À1 even at the lowest temperatures, which is typical of entrained flow pyrolysis (Guizani, Valin et al., 2017) .
WAXS and PDF measurements
High-energy X-ray scattering data were collected at the ID31 beamline at the ESRF, Grenoble. A PerkinElmer flatpanel detector was used for raw beech and beech fast-heating samples, and a Pilatus3 X CdTe 2M detector for raw apricot, apricot slow-heating and beech slow-heating samples. The samples were placed in 1.5 mm-diameter Kapton capillaries and exposed to X-rays with an incident energy of 49 keV ( = 0.253 Å , BFH, total exposure time 180 s), 60 keV ( = 0.207 Å , ASH, total exposure time 60 s) and 68.5 keV ( = 0.181 Å , BSH, total exposure time 300 s). Radiation damage was not observed. Calibrations of the detectors were done using CeO 2 NIST SRM 674b material, and azimuthal data integration was performed in pyFAI (Ashiotis et al., 2015) . Modeling of the WAXS patterns was done in CarbX (Ruland & Smarsly, 2002; Pfaff et al., 2018) . Conversion to real space was done in PDFgetX3 (Juhá s et al., 2013), where the atomic PDF, G(r), is the Fourier transform of X-ray diffraction data:
S(Q) is the total scattering structure function, related to only the coherent/elastic part of the scattering intensities, Q[S(Q) À 1] is the reduced structure function (background subtracted, corrected for polarization, multiple and Compton scattering, etc.) and Q is the scattering vector magnitude [Q = 4 sin()/; 2 is the scattering angle and is the wavelength of the X-ray radiation].
Modeling of the PDF data was done in PDFgui 1.0 (Farrow et al., 2007) .
Results and discussion
3.1. WAXS -general observations Fig. 1 presents the background-corrected 2D WAXS images of the raw beech (RB), beech fast heated to 450 C (BFH450) and raw apricot (RA). The RB and BFH450 samples show distinct maxima in the diffraction rings, attributed to -cellulose [at Q = 1.6 Å À1 (Miller indices 200) and at Q = 1.1 Å À1 (superimposed 110 and 110 peaks)], which indicate preferred orientation of the fibers. The angle between the maxima, called the microfibril angle (MFA), corresponds to the angle between helical windings of cellulose fibrils in the secondary cell wall and the cell longitudinal axis. At the cellular level it determines mechanical properties of trees (Lichtenegger et al., 1999; Fä rber et al., 2001; Barnett & Bonham, 2004) . The intensity, broadening and MFA differ, depending on species, tissue (core, outer wood) and age of the tree. The four diffraction maxima in the RB undergo transitions upon heating and BSH450 shows only two equatorial peaks, which indicate that cellulose macromolecules form a columnar-type 2D mesophase -here the MFA is proportional to the broadening of the 200 peak (van de Ven & Godbout, 2013) .
At 450 C, cellulose should be completely pyrolyzed. However, the particle residence time in the flow reactor was short and the particles were not fully converted at this temperature (Guizani, Jeguirim et al., 2017) . Starting from a reaction temperature of 500 C (BFH), the kinetics were fast enough to allow a full conversion and only the full powder rings are visible (not shown here).
The RA exhibits a rather uniform strong ring at Q = 1.6 Å À1 and a weaker one at Q = 1.1 Å -1 , and many spots mostly at higher angles, suggesting the presence of a crystalline phase different from cellulose. In fact, a higher ash and inorganic fraction content was reported in the apricot with respect to the beech (see Materials and methods section): almost ten times more Ca and K and four to five times more Mg and Si (Table 1) . All these Bragg reflections were masked before the data integration, but several peaks of low intensity are still visible in the integrated 1D plot (see Fig. 2 ). Fig. 2 shows the integrated diffraction patterns of the three series: BFH (left), ASH (middle) and BSH (right). The two most intense peaks in the raw beech and the raw apricot come from -cellulose (marked with green stars in Fig. 2 ), the only crystalline material in the organic fraction, while the amorphous hemicellulose and lignin contribute only to the diffuse scattering. The raw apricot shows in addition several small peaks coming from the crystalline inorganic fraction [Ca(OH) 2 ].
Most patterns of the beech fast-heating series (BFH500, BFH550, BFH800, BFH1200) contain low-intensity peaks at Q = 2.06, 2.51, 3.00 and 3.34 Å À1 from rhombohedral calcium carbonate structure. These peaks correlate to the crystallites of CaCO 3 appearing as small diffraction spots in Fig. 1 (middle). Given the small fraction of the crystallites before heating to 1400 C, these were not always in the Bragg conditions during the measurement and therefore the corresponding peaks are not present for all BFH samples. Furthermore, the crystallites might not be present in the irradiated volume for each sample. Rietveld analysis of BFH1400 (TOPAS 4.2; Coelho, 2018; Kern et al., 2004) provided satisfactory fitting with calcium carbonate, graphene (graphite structure with free c unit-cell parameter) and fairchildite [K 2 Ca(CO 3 ) 2 ] structures (Fig. S1 ).
The apricot char patterns (ASH800, ASH1000, ASH1200) are marked by small peaks from trigonal calcium hydroxide structure (Fig. 2 , red stars), with the highest intensities observed at 1000 C. ASH1400 is almost free from the inorganic crystallites and its pattern is similar to those of BSH.
This may be explained again by the absence of exposed crystallites or an insufficient quantity of crystallites in the Bragg condition, and highlights the sampling issue in the study of thermally degradated biomass materials.
The beech slow-heating series is the only one showing just broad halos at Q = 1.65, 3.05 and 5.25 Å À1 without any inorganic fraction at all investigated temperatures, in agreement with the chemical composition of the remaining ashes. The three wide peaks are characteristic of hard carbon structures, which are typically products of the solid-phase pyrolysis of polymeric materials, such as phenol-formaldehyde, cellulose, charcoal etc. (Irisarri et al., 2015) . The intensities of the three halos in the BSH patterns increase with temperature, and the position of the first one moves to higher Q values. This indicates that the crystallites become larger and better organized, as well as the decrease of spacing between graphene layers. The 002 peak in perfect graphite is found at Q = 1.88 Å À1 , which corresponds to 3.35 Å interlayer distance, but the typical values for hard carbon are found to be above 3.7 Å (Hofmann & Wilm, 1936; Irisarri et al., 2015; Kim et al., 2012) .
Similar trends of increasing halo intensity and the shift of the first broad peak are observed for BFH and ASH, starting from 550 and 800 C, respectively, but the perturbing presence of the inorganic crystalline fraction makes the modeling and interpretation of the structural changes difficult. Therefore, the following WAXS and PDF modeling and discussion will focus on the BSH series.
WAXS -CarbX fitting
The measured WAXS patterns of the non-graphitic carbons (NGCs) can be evaluated using the CarbX code (Ruland & Smarsly, 2002; Pfaff et al., 2018) if the Rietveld refinement fails because of significant structural disorder. As the program fits only the NGC part of the WAXS pattern, the subtraction of the inorganic crystalline phases should be performed first. The presence of other carbon phases is indicated as a limiting factor (Faber et al., 2014) . One significant drawback of the CarbX fitting is the assumption that the graphene layers are perfectly flat -which is discussed in the PDF section. Integrated powder diffraction patterns of the BFH (left), ASH (middle) and BSH (right) samples. Offsets along the y axes have been introduced for the sake of clarity. Green stars show the peaks from -cellulose (raw beech and raw apricot), black stars peaks from CaCO 3 (BFH1400) and red stars peaks from Ca(OH) 2 (ASH1000). Hard carbon broad peaks are indicated in BSH1400, while also visible in ASH1400.
Table 1
Main properties of raw samples; elements with concentration 1 p.p.m. can be found in Table S1 . The microstructural parameters of BSH chars (normalization constant and background fitting parameters; peak position parameters; third peak shape parameters) were initially manually fitted and then the automatic procedure was launched, as suggested (Pfaff et al., 2018) . The parameter describing thermal motion was fixed and not refined, as it cannot always be determined in a unique and physically meaningful way. The quantitative results are listed in Table 2 (the arrow in the last column shows the direction of change) and the WAXS fitting results for BSH800-BSH1400 are shown in Fig. 3 .
The 14 microstructural parameters obtained from fitting the BSH char WAXS data present different tendencies: increase with temperature, decrease with temperature or no change (see the last column of Table 2 ).
The average graphene layer extent (L a ) and average chord length (hl i) describe the lateral ordering of a single graphene layer. Both rise nearly linearly from 800 to 1400 C (see Fig. 4 ). However, the value of L a À hli decreases (3.1 Å at 800 C to 1.8 Å at 1400 C). The increase of the parameter of preferred orientation is almost negligible (q from 0.00 to 0.02).
At the same time the other layer structure parameters decrease: polydispersity of the chord length ( a , from 0.17 to 0.06) and standard deviation of the first neighbor distribution ( 1 , from 0.13 to 0.11 Å ). This means that the shape of the layers becomes more uniform and rounded, and the positions of atoms are better defined.
All these changes of the layer structure parametersincreasing L a and hl i and decreasing a and 1 -indicate that higher temperature promotes better ordering of a single graphene layer and less dispersion in the length distribution.
Most of the layer stacking indicators diminish with increasing temperature: average stack height (L c , from 11.8 to 9.7 Å , see Fig. 4 ) and its polydispersity ( c , from 0.26 to 0.20), average interlayer spacing (a 3 , from 3.59 to 3.46 Å , see Fig. 4 ) and its standard deviation ( 3 , from 0.64 to 0.32 Å ), number of graphene layers per stack (hNi, from 2.6 to 2.3) and homogeneity of the stack (, from 0.99 to 0.93). This means that increasing the temperature from 800 to 1400 C forces closer arrangement of the graphene layers, which become more regularly spaced, but at the same time the centers of the sheets shift with respect to each other. The diminishing stack height (about 2 Å ) is a result of both a slight drop in the number of layers per stack and interplanar distance shortening. Decreasing homogeneity of the stack is the only parameter which indicates a more random arrangement of graphene layers about the layer normal and reflects increasing turbostratic disorder.
The constant parameters are the average C-C bond length (1.38 Å ) and minimum of interlayer spacing (3 Å ), while the anisotropy of the atomic form factor of carbon oscillates within the temperature range.
A continuous increase of L a and constant L c during pyrolysis were also observed for soft wood between 327 and 1327 C (Paris et al., 2005) and for furfuryl alcohol between 850 and 1500 C (Faber et al., 2014) , while coal tar pitch was found to grow in all dimensions (Faber et al., 2014) . The difference was attributed to the significant number of heteroatoms present in the soft wood and furfuryl alcohol.
Only manual fitting of the incomplete BFH and ASH data series was performed, partially owing to the presence of a different carbon form (low-temperature BFH) or inorganic crystalline phase (both). Subtraction of the inorganic fraction was unsuccessful, because of its small signal in the WAXS patterns and significant diffuse scattering from the char. Nevertheless some of the layer structure parameters follow the same trends as in the BSH series (L a , hl i, a , l cc ) (Table S2 and Fig. 4) .
The heating rate has more influence than biomass composition on the layer extent (L a ) and average chord length (hli), as the two pairs of points ASH1000/BSH10000 and ASH1200/ Fits of the BSH series data in CarbX. Blue line -experimental data; red line -fitting curve. Offsets have been introduced for the sake of clarity.
Table 2
Overview of the microstructural parameters obtained after final fitting of the BSH series in CarbX.
Layer structure: L a -average graphene layer extent, hl i -average chord length, a -polydispersity of chord length l, l cc -average C-C bond length, 1 -standard deviation of the first neighbor distribution. Layer stacking: L caverage stack height, c -polydispersity of stack height, a 3 -average interlayer spacing, a 3,min -minimum of interlayer spacing, 3 -standard deviation of interlayer spacing, hNi -number of graphene layers per stack,homogeneity of the stack, q -parameter of preferred orientation, Á anparameter of anisotropy of the atomic form factor of carbon. BSH1200 nearly overlap (Fig. 4) . Faster heating results in less ordered graphene sheets, arguably because of the shorter time to equilibrate during the heating ramp. The average stack height (L c ) diminishes for both beech series and increases for apricot. In this case slow heating seems to imply stronger changes (either negative or positive), but biomass composition influences the trend. Interlayer spacing (a 3 ) and number of graphene layers per stack (hNi) are difficult to interpret: both parameters decrease with temperature more or less linearly (ASH > BFH > BSH). This indicates that a higher inorganic fraction favors larger interlayer spacing and hNi, while slow heating and lower inorganic content would favor smaller interlayer spacing and hNi.
PDF -PDFGUI fitting
To compare the results obtained by fitting the reciprocalspace curves in CarbX, we also performed a real-space PDF analysis of the Fourier-transformed data (Figs. 5 and 6) . Peak positions in the PDF plots correspond to the real-space interatomic distances, while the peak intensities depend on the type of atoms (scattering power scales with the square of the form factor -for carbon 6 2 = 36 and for oxygen 8 2 = 64) and the coordination number.
RB and RA show sharp peaks in the range 1-4 Å , which correspond to all possible C-C and C-O bonds and nonbonding contacts within one -d-glucopyranose unit (monomer of -cellulose polysaccharide; Fig. 5 ). However, xylose (monomer of xylan -main component of hemicelluloses) and phenylpropane (lignin) units are also built of carbon and oxygen atoms, simultaneously contributing to the experimental PDFs. Beyond the distance of 5 Å only very broad oscillations are visible, which indicates lack of longrange order.
A satisfactory fit of these experimental PDFs was obtained with the structure of the main polymer, i.e. -cellulose. This limited the risk of introducing too many parameters from the two remaining organic compounds, whose structures are not fully known and characterized yet. Good agreement factors were attained between observed and calculated PDFs for RB (R w = 25%; see inset in Fig. 5 ) and RA (R w = 29%), which for PDF analysis, contrary to single-crystal studies or Rietveld refinement, has been declared to be a satisfactory result (Petkov et al., 2013) . In fact, this R w value comes from the limitation of the small-box modeling in PDFgui itself.
The modeling strategy proposed by Prill et al. (2015) for organic molecules, with separation of the intra-and intermolecular thermal motions, was tested unsuccessfully. In their study, the experimental PDFs of commercially available, pure, crystalline materials were fitted, in contrast to the highly disordered natural biomass used in our case. Here, the scale factor, displacement parameters (U ij ), spherical particle diameter (sp) and unit-cell parameters (a, b, c) were refined. a, b and c differed by not more than 0.3 Å from the initial values, which corresponds to a maximum relative change below 4%. Further tests to introduce Ca(OH) 2 into the modeling of the RA, as its presence was revealed in the WAXS patterns, improved the agreement factor from R w = 29% to R w = 26%, and gave a 10% weight content of this inorganic material (Fig. S2) .
The PDF plots of the chars obtained under different pyrolysis conditions and from different raw materials (BSH, ASH and BFH) are shown in Fig. 6 . The structural coherence represented by the spherical particle diameter (sp) of about 20 Å for the highest temperature in the slow-heating series (BSH1400 and ASH1400) and about 10 Å for the fast-heating series (BFH1200) shows the same tendency as reciprocalspace data modeling (L a , hli parameters). However, the values are reduced by about one-half, because of curvature (not taken into account by the Ruland and Smarsly algorithm) or general disorder (Stratford et al., 2016) rather than termination of the sheet fragments (Petkov et al., 1999) . In fact, the CarbX modeling describes the structural in-plane and out-ofplane arrangement of the flat graphene sheets using several intra-and interlayer parameters. All the imperfections are attributed to the mutual arrangement of the sheets and not to the single layer itself. However, the PDF modeling of the actual C-C bonds and non-bonding contacts gives the atomic level information. Changes of the atomic displacement and unit-cell parameters in different regions allow one to describe the actual graphene layer with all its defects.
The first three intense and symmetrical peaks (at 1.42, 2.43 and 2.88 Å ) correspond to the in-plane carbon-carbon distances in the aromatic type ring of graphite and the second three broader and less symmetric peaks (at 3.73, 4.24 and 4.97 Å ) to the carbon atoms in neighboring rings, as shown by Experimental atomic PDFs of the RB (black solid line) and RA (black dotted line) and fitting results of the RB: blue circles -experimental; red line -calculated; green line-difference. Offsets have been introduced for the sake of clarity.
Figure 6
Experimental atomic PDFs of the chars obtained from apricot and beech upon pyrolysis. The inset in the BSH plot shows the distances corresponding to the bonds in the graphene sheet. BFH1400 is plotted separately for clarity, as it is dominated by calcium carbonate interatomic distances.
the colored arrows in the inset of Fig. 6 . The sharp intense peaks are due to the hexagonal nature of the basic unit and broad and asymmetric peaks to the presence of non-hexagonal rings whose small concentration results in sheet curvature (Stratford et al., 2016) . For example, the peak at 2.85 Å represented by the dark-blue arrow in Fig. 6 is present in sixmembered but not five-membered carbon rings; if this peak were broader and of lower intensity this would suggest a significant proportion of non-hexagonal rings in the structure, but that is not the case here. No strong correlation is observed between layers (no peak at the real-space distance of 3.4-3.5 Å ). This again confirms the strong turbostratic disorder.
The intensities of the peaks corresponding to the imperfect lateral ordering of the graphene sheets increase with temperature. A weak shoulder at 3.1 Å is visible in the BSH series, indicating a seven-membered carbon ring. This feature decreases with temperature, pointing to a reduction in the number of defects. Furthermore, a general tendency of positions shifting to higher values is observed for the peaks whose intensity increases with temperature. This can be explained by sheets flattening with no lattice expansion, as the lattice parameters a = b are constant for BSH800-1400.
The modeling of the char PDFs, which gives only orientation-averaged information about the intrinsically anisotropic materials, should be performed with caution, as introducing too many parameters and degrees of freedom can lead to physically unrealistic models. Any data obtained from other techniques should be carefully evaluated to set the initial values, or if there is a physical justification, one should keep some of the parameters constant during the refinement. The following refinement strategy for turbostratically disordered hard carbon, based on the initial graphite structure, was selected for char PDFs (Stratford et al., 2016; Bommier et al., 2015; Forse et al., 2015; Petkov et al., 1999) :
(1) The c parameter of the graphite structure was fixed at the value obtained from WAXS modeling in CarbX. If this information was not available, as for BFH1400, the value obtained for the closest temperature was taken (here for BFH1200). This accounts for the lower density of hard carbon compared to graphite.
(2) The U 33 displacement parameter was set much larger than U 11 and U 22 , to remove well defined interlayer atomic correlations from the model and simulate turbostratic disorder.
(3) The displacement parameters (U 11 = U 22 ( U 33 ) and linear atomic correlation factor were refined in the short range 1-5 Å and fixed at these values. This prevents erroneous modeling of the peak broadening at longer distances (coming from imperfect long-range order, graphene sheet curvature etc.).
(4) The scale factor, a and b unit-cell parameters (a = b), spherical particle parameter and U 33 displacement parameter were finally refined in the range 1-20 Å .
The results of the PDF modeling of the BSH chars are given in Table 3 (ASH and BFH in Table S3 ) and an example of the BSH series fitting in Fig. 7 . Arrows in the last column of Table 3 indicate the direction of change.
The BSH series is the only one without inorganic fractions visible in any WAXS patterns, and its modeling using a modified graphite structure is straightforward. However, much better fits were obtained at shorter distances (<5 Å ). As suggested by Stratford et al. (2016) , a single value for the a lattice parameter is unable to model correctly the entire r range. A 0.015 Å shortening is observed between fitting the 1400BSH PDF in the two ranges 1-5 Å (a = 2.460 Å ) and 15-20 Å (a = 2.445 Å ), with intermediate values for the middle ranges. This can be explained by closer carbon-carbon distances than predicted from the graphite-derived model, suggesting increasing curvature of the graphene sheets at higher distances, which results in no peaks at r > 20 Å .
The displacement parameters in the ab plane (U 11 and U 22 ) stay rather constant and are independent of the temperature and sample, while U 33 (direction perpendicular to the ab plane) and the spherical sample diameter (sp) increase with temperature (see Fig. 8 ). This can again be attributed to the increasing curvature of the hexagonal carbon sheet at longer r distances and is confirmed by a systematic increase of the U 33 parameter if the refinement is done over a longer r range. At the same time, the interlayer distance decreases (value taken from WAXS data and not refined: a 3 ).
In the CarbX modeling, information about the curvature is dispersed among all the parameters and can be indirectly deduced only from the homogeneity of the stacks () and the parameter of preferred orientation (q). A decrease of describes an increase of the relative shifts between the centers 
Figure 7
Results of fitting BSH800-BSH1400 PDFs to the graphene structure: blue circles -experimental; red line -calculated; green line -difference. Offsets have been introduced for the sake of clarity. of the layers, which stay parallel to each other. This gives more positional freedom to the remote fragments of the sheets and may favor the curvature. q values close to 0 indicate chaotic arrangement of the individual stacks, like blocks dropped into a box, and the organization does not really improve with temperature.
For the ASH series two individual refinements were done: one with a modified graphite structure and one with the addition of calcium hydroxide. Calculated concentrations of this inorganic fraction for the best fittings oscillated between 5.4 and 10.8% for temperatures of 800-1200 C, while for the 1400 C data set, adding Ca(OH) 2 results in small and negative scale factors for calcium hydroxide, indicating the absence of this phase (Billinge, 2010) . Chars in the BFH series were modeled using only the graphene structure, except BFH1400, where the multiphase fitting of graphene (25%), calcite (60%) and fairchildite (15%) was successful (Fig. S3 ). The sharp peaks in the PDF plot of BFH1400 arise from the long-range order of the inorganic fraction and persist even at 150 Å (Fig. S4 ).
It can be concluded from Fig. 8 that the slow heating rate produces a continuous increase of U 33 , regardless of the initial material, with a nearly constant offset between the BSH and ASH series. The fast-heating series (BFH) exhibit lower values with a maximum at 1200 C. However, the high concentration of crystalline inorganic material in BFH1400 could influence this result.
The calculated spherical sample diameter grows linearly with temperature in all three series, with a constant offset between the beech fast-and slow-heating-rate series (5 Å ), and at a higher rate for the apricot. These results suggest that, within the investigated temperature range, the presence of inorganic material speeds up the growth rate, while a different heating rate brings only a constant offset.
Conclusion
The combination of several analytical techniques is necessary to achieve an overview of the structural changes in biomass samples during thermal decomposition, as each method has its own limitations and provides unique and crucial but partial information. This can facilitate comparison of the chars obtained from different biomasses and under different conditions. Diffraction is an excellent tool to identify the crystalline matter at any point of the temperature treatment, and WAXS modeling of non-graphitizing carbons allows determination of intralayer, interlayer, disorder and dispersion structural parameters, but neglects the curvature of the graphene sheets. PDF analyses probe the coherent length of domains. The model fit quality at different distances indicates deviations from the perfect planar graphene structure, reflecting bond shortening and sheet curvature. The usual shortcoming of this method, rotational averaging, is less important for hard carbons. This is because spatial correlations in the direction normal to the sheets are washed out owing to the turbostratic disorder, while the remaining directions are equivalent. Nevertheless, there is no distinction between the lateral extent of graphene sheets and stack height, which can be easily calculated in CarbX. Whether realspace PDF or reciprocal-space WAXS analysis is more appropriate for a particular material depends on the structural motifs one wishes to study.
Furthermore, combined information leads to the following conclusions:
(1) Both analyzed raw biomasses show distinct cellulose organization (MFA clearly visible in beech but not in apricot) and forms of inorganic fraction (Bragg peaks or rings) revealed by diffraction patterns; in situ experiments should be performed to eliminate sampling issues.
(2) Heating rate is more important than biomass composition for the average graphene layer extent (L a ) and average chord length (hl i); slower rates favor larger lateral order (WAXS).
(3) The average graphene coherent stack height (L c ) diminishes for both beech series, while it increases for apricot; slow heating provokes greater changes (either negative or positive), but biomass composition influences the direction of change (WAXS). Relations between U 33 and spherical particle diameter and temperature.
(4) A higher inorganic fraction favors a higher average interlayer spacing (a 3 ) and number of graphene layers per stack (hNi), while slow heating and lower inorganic content favors lower a 3 and hNi (WAXS).
(5) Increasing biomass pyrolysis temperature favors the lateral extension of graphene layers and shorter interlayer distance, but there is a significant curvature which can be revealed by a lattice parameter shortening and increasing displacement parameter in the z direction when refinement is performed over longer r ranges (PDF).
(6) Slow heating favors a continuous increase in U 33 (increase in disorder), irrespective of the initial material, while the fast-heating series (BFH) shows lower values with a maximum at 1200 C. However the high concentration of crystalline inorganic material in BFH1400 could influence this result (PDF).
(7) The spherical sample diameter grows linearly with temperature in all three series, with a constant offset between beech fast-and slow-heating-rate series, and a higher rate for apricot, as a result of different biomass composition (PDF).
While the small-box modeling presented in this paper is sufficient for fast and simple comparison of the hard carbon structures, scrupulous readers may be interested in more quantitative analysis. Numerous publications report a largebox modeling using explicit shape functions of the layered structures (Thompson et al., 2017; Nishihara et al., 2018; Smith et al., 2004; Castro-Marcano et al., 2012) .
